Ferritin is an important protein for iron storage in cells. A hepatopancreas cDNA library from the mud crab Scylla paramamosain was constructed using the SMART technique. A complete cDNA sequence that showed high identity with the conserved sequence of the ferritin gene was cloned from the cDNA library and subjected to further investigation. The full-length ferritin gene of Scylla paramamosain (SpFer) consists of 767 bp and contains a complete open reading frame of 513 bp and a 26-bp iron-respective element in the 59-untranslated region. The gene encodes a polypeptide of 170 amino acids, constituting a predicted molecular weight of 19.44 kDa and a theoretical isoelectric point of 5.24. The deduced protein shares 84% identity with the ferritin protein of the crab Eriocheir sinensis. Quantitative real-time PCR analyses revealed that the expression of ferritin was ubiquitous in different organs of S. paramamosain, including muscle, heart, ovary, testis, and hepatopancreas. The highest expression level was found in the heart, while testis tissue showed the lowest level. Ferritin mRNA expression in continuous developmental stages in zoeal phases, including Z1, Z2, Z3, Z4, and Z5, as well as megalopa and juvenile crab I stages, were also examined by quantitative real-time PCR. The expression level of ferritin was highest in the Z1 stage and lowest in the megalopa stage. This study provides useful information regarding the structure and function of ferritin and will play an important role in immunity and resistance research in S. paramamosain.
INTRODUCTION
Mud crabs (Scylla spp.) are one of the most precious marine crabs in aquaculture throughout the Indo-Pacific (Imjongjirak et al., 2007) and Indian Ocean (Imai and Takeda, 2005) regions. Mud crabs not only possess significant economic value but also have value as a functional food. In particular, after maturation, the female crab shares the reputation of sea ginseng and is one of the elderly and pregnant women's favorite foods. The crab shells can also be used as a source of chitin, which is widely used as a raw material for industrial purposes. Although they have a high economic value in the international market, the crabs are prone to infection by microbes at various stages during its growth, leading to high mortality. As a result, in recent years, applied researchers have become increasingly focused on the isolation and characterization of proteins playing key roles in immune regulation in the mud crab (Yedery and Eddy, 2009) . For example, a pathogen-recognition protein (Liu et al., 2010) , a serine proteinase homolog involved in the antibacterial response and anti-lipopolysaccharide factors (ALFs) (Imjongjirak et al., 2007) have been isolated and cloned from the mud crab Scylla paramamosain (Estampador, 1949) Ferritin is an important protein for iron storage in cells. It has been indentified in a wide range of organisms including prokaryotes and eukaryotes (Harrison and Arosi, 1996) . The typical ferritin molecule consists of a protein shell of 24 subunits that surrounds a microcrystalline core capable of accommodating up to 4500 Fe (III) atoms in an inorganic complex (Theil, 1987) . Ferritin is composed of two subunits called H and L polypeptide subunits that are encoded by distinct genes in vertebrates. The H subunit contains a ferroxidase while the L subunit contains a site for nucleation with a mineral core (Orino et al., 1997) . However, a third ferritin subunit has been reported in Salmo salar that was termed the ''middle'' subunit (M). This subunit has a very different sequence from either the H-or L-subunit (Andersen et al., 1995) .
Furthermore, in addition to structural studies, there has also been research on the functions of ferritin. For example, ferritin plays important roles in iron storage and detoxification (Harrison and Arosio, 1996) . Ferritin stores excess iron in the body, which helps to prevent iron poisoning. When an organism needs iron to synthesize proteins and enzymes in the body, ferritin can supply iron by releasing it into circulation. It was intriguing to learn that mitochondrial ferritin is restricted in some tissues to protect mitochondria from the iron toxicity and oxidative damage found in some mammals (Arosio et al., 2009) . The mRNA of ferritin contains a conserved structure in the 59-UTR called Iron Response Element (IREs), which bind with JOURNAL OF CRUSTACEAN BIOLOGY, 31(2): 345-351, 2011 repressors called iron regulatory proteins (IRPs). The IRE/ IRP complex regulates the synthesis of ferritin by preventing ribosome binding and translation, and the activity of the complex is modulated by iron concentrations and the status of the cell (Durand et al., 2004) . Additionally, it was reported that some amino acid residues related to the fixation, oxidation, and incorporation of iron in the hydrous iron (III) oxide mineral core are conserved in the ferritin sequence (Durand et al., 2004) . The expression levels of ferritin in different tissues and various developmental stages are dissimilar. For instance, in Pinctada fucata, the expression level of ferritin mRNA was higher in the mantle and digestive gland than in the gill (Zhang et al., 2003) . In Acipenser sinensis, the highest expression level of ferritin was detected in the pancreas and heart, while the lowest expression was detected in muscle tissue (Chen et al., 2009 ). In the larval shell developmental stage of Meretrix meretrix, ferritin mRNA was expressed during larval development, but the post-larval expression level was at least eight-fold higher than that in the trochophore period (Wang et al., 2009) .
Although considerable research has been devoted to various marine species, less attention has been given to S. paramamosain. In this study, we describe the characterization of the full-length cDNA and deduced amino acid sequences of ferritin in S. paramamosain (SpFer), the most common mud crab in the coastal regions of China (Ma et al., 2006) . The expression profiles of ferritin mRNA in different tissues and at various developmental stages were analyzed in vitro.
The following abbreviations are used: IRE 5 ironresponsive element; qRT-PCR 5 quantitative real-time PCR; UTR 5 untranslated region.
MATERIALS AND METHODS

Materials and Reagents
Healthy S. paramamosain crabs averaging 400 g in weight were collected from Hainan Island, China. Different tissues such as muscle, heart, ovarian, testis, and hepatopancreas were excised and preserved in liquid nitrogen for RNA extraction. Samples from crabs in the Z1 (the zoeal I stage), Z2, Z3, Z4, Z5, as well as in the megalopa and the juvenile crab I stages, were collected during the cultivation process on Hainan Island.
cDNA Library Construction Total RNA was extracted from the hepatopancreas of S. paramamosain using TRIzol reagent (TaKaRa, Shiga, Japan) according to the manufacturer's protocol. The RNA was used for the construction of the cDNA library using the Super SMART PCR cDNA Synthesis Kit (Clontech, U.S.A.) according to the manufacturer's instructions.
Sequence Data Analysis
The identity searches for the nucleotide and protein sequences were performed using the BLAST algorithm at NCBI (http://www.ncbi.nlm.nih. gov/). The deduced amino acid sequence was analyzed with the Expert Protein Analysis System (http://www.expasy.org/). Amino acid sequences from various species were retrieved from the NCBI GenBank and were analyzed using the Vector NTI Suite 11.0, Clustal W Multiple Alignment program (http://www.ebi.ac.uk/clustalw/). A neighbor-joining phylogenetic tree was constructed using MEGA software version 4.1 (Tamura et al., 2007) and the confidence level in the tree generated was obtained using 1000 bootstraps. The secondary structure of SpFer was predicted by the application of the hierarchical neural network. The three-dimensional structure of SpFer was simulated using the SWISS-MODEL long-distance server (Schwede et al., 2003; Arnold et al., 2006) .
qRT-PCR Analysis of the SpFer in Various Tissues and Developmental Stages
Total RNA was isolated from different tissues and various developmental stages of S. paramamosain using the TRIzol reagent (TaKaRa, Shiga, Japan) and was stored at 280uC. First-strand cDNA synthesis was performed using M-MLV reverse transcriptase (Promega Corporation, Madison, WI, U.S.A.) to transcribe poly (A) mRNA with Oligo-dT and random 6-mer primers. The reaction conditions were as recommended by the manufacturer. The cDNA was maintained at 220uC for qRT-PCR. qRT-PCR was used to analyze the expression of the SpFer in different tissues and in various developmental stages. The process was as follows: the first chain of the cDNA reverse transcribed using 500 ng of total RNA from muscle by using 10-fold serial diluted to generate the standard curve. The SYBR Green I qRT-PCR assay (SYBR Premix Ex Taq TM Green (Perfect Real time), TaKaRa) was carried out in an ABI StepOnePlus Detection system (Applied Biosystems, Foster City, CA, U.S.A.). Amplifications were performed in a 96-well plate with a 20 mL reaction volume containing 10 mL of 23 SYBR Premix Taq TM , 0.8 mL of PCR Forward Primer (10 mM), 0.8 mL of PCR Reverse Primer (10 mM), 0.4 mL of ROX Reference Dye I (503), 2.0 mL of cDNA temple and 6.0 mL of diethylpyrocarbonate water (DEPC-water). The thermal profile for SYBR Green qRT-PCR was 30 s at 95uC, followed by 40 cycles of 95uC for 5 s and 60uC for 34 s. DEPC-water was used to replace the template in the negative control. Fluorescence collection was performed after the completion of each cycle. In this experiment, the preliminary trial showed that the housekeeping gene 18S rRNA had a steady expression in this experimental species. Therefore, 18S rRNA was used as the internal gene in all qRT-PCR assays, 18s-RT-F and 18s-RT-R were designed based on the 18S rRNA gene sequence (GenBank accession No. FJ646616.1) and the primers used to amplify 18S rRNA were 18s-RT-F (59-GGGGTTTGCAATTGTCTCCC-39) and 18S-RT-F (59-GGTGTGTA-CAAAGGGCAGGG-39). The primers used to amplify SpFer were SpFerritin-RT-F (59-GGTCACCAGTGTGTGAACGAG-39) and SpFerritin-RT-R (59-GCAAAGAGGAGATGGGATGAA-39). The standard curve and the gene expression levels were analyzed automatically by the system, as was the setting of the base line. A melting curve analysis of amplification products was performed at the end of each PCR reaction to confirm that only one product was amplified and detected. For the experimental result of qRT-PCR, the observations at the different tissues and various stages were calculated to derive the means and standard deviations.
RESULTS
Cloning of SpFer
The full-length cDNA fragment of SpFer was found to consist of 767 bp (GenBank accession no. HM150719), containing an open reading frame (ORF) of 513 bp, a 115-bp 59-UTR and a 139-bp 39-UTR with a poly (A) signal. Based on the deduced polypeptide sequence, the ORF encodes a putative protein of 170 amino acids with a predicted molecular weight of 19.44 kDa and a theoretical isoelectric point of 5.24. The full-length nucleotide sequence and the deduced amino acid sequence are shown in Fig. 1 .
Sequence Analysis
According to the ferritin protein sequences of 16 species, it was found that SpFer shared the highest identity with the ferritin of Eriocheir sinensis (Milne Edwards, 1853) [84%; http://blast.ncbi.nlm.nih.gov/Blast.cgi]. The alignment of ferritins showed that some amino acid residues were highly conserved in different species (Fig. 2) . Furthermore, a NJ phylogenetic tree was generated using the complete ferritin protein sequences deposited in NCBI by MEGA 4.1 (Fig. 3) . Phylogenetic analysis indicated that SpFer is more similar to its identities in crustaceans such as E. sinensis. This result was consistent with the status of systematic evolution, and indicated that the ferritin gene could be a molecular index for systematic evolution. Furthermore, a putative IRE sequence (nt 235 to 210) was observed in the 59-UTR of the cDNA that contained a typical CAGUGN loop and retained the overall structure of the ferritin IREs. A potential N-glycosylation site N108-Q109-S110-L111 (NQSL) was also observed, which is found in most ferritin subunits.
The amino acid residues responsible for the fixation of ferritin, oxidation and incorporation of iron in the hydrous iron (III) oxide mineral core were obviously conserved in SpFer. In the human H subunit ferritin sequence, the amino acid residues constituting the H specific ferroxidase center were E 27, Y 34, E 61, E 62, E 64, H 65, E 67, E 107, and Q141 (Arosio et al., 2009; Lawson et al., 1989) . These amino acids were also conserved in SpFer as E 24, Y 31 E 58, E 59, E 61, H 62, E 104, and Q 138, respectively. Other residues in this site in the human H subunit ferritin sequence were C 130, H 118, L 114, L 138, R 76, and D 126, but only some of these amino acids were present in SpFer: H 115, L 111, L 135, R 73, and D 123.
Furthermore, Y 26 of SpFer could also be found as a prerequisite for the rapid biomineralization of iron as the case in vertebrate H subunit ferritins (Waldo et al., 1993) .
Protein Structure of SpFer
The hierarchical neural network provided a structural model of SpFer, which included 100 alpha helices (58.82%), 17 extended strands (10%) and 53 random coils (31.18%). The result showed that the alpha helix was the major component (Fig. 4A) . SpFer was submitted to the SWISS-MODEL server. By searching the PDB database with this program, a structure with 62.5% identity with Human H Ferritin (PDB accession number: 2ceiA) was obtained. Although there was some difference in the ferritin protein sequence, the spatial structure was highly conserved in various species (Fig. 4B) .
qRT-PCR Analysis of SpFer in Various Tissues and Developmental Stages
The aim of qRT-PCR was to identify the spatial ferritin expression patterns among different tissues and during various developmental stages (Fig. 5) . It was obvious that SpFer was widely distributed in different tissues and developmental stages. The highest SpFer expression was observed in the heart, whereas the testis had the lowest expression. Among the various developmental stages, the highest expression of SpFer was noted in the Z1 stage. Expression decreased in the Z2 and Z3 stages but rebounded in the Z4 stage. Expression abruptly declined in the next stages. The lowest expression was found in the megalopa stage.
DISCUSSION
In this study, we successfully isolated and sequenced the cDNA of SpFer, which has significant similarities with H subunit ferritins, including the presence of a ferroxidase center, Y 27, and amino acid identities with other known H subunit ferritins. The H subunit specific ferroxidase center and Y 27 are characteristic of vertebrate ferritin H subunits in a highly conserved manner (Andrews et al., 1992; Waldo et al., 1993) . Moreover, of the three negatively charged residues (E 54, E 57, E 61) conserved in mammalian L subunits as the nucleation site, only one residue (E 61) was found in SpFer. The other residues (E 54 and E57) were replaced by D 54 and D 57 (Fig. 1) . Furthermore, there was a partial ferritin cDNA sequence isolated from the hemocytes of S. paramamosain submitted in NCBI (GenBank accession no. FJ774652.1), there was only one different nucleotide residue comparing with SpFer. The reason may be gene mutation or there was a mistake in the gene sequencing. These evidences suggest that SpFer is most likely an H subunit ferritin. The regulation of cellular iron uptake, storage and utilization in response to intracellular iron levels is mediated by an RNA-binding protein (iron regulatory protein, IRP) capable of interacting with a specificsequence IRE. A highly conserved IRE motif was identified 106 bp upstream of the predicted ATG translational start codon in the cDNA sequence. The ferritin IREs are phylogenetically conserved in a cap-proximal position (Hentze and Kuhn, 1996) . IREs have been identified in almost all known ferritin subunit mRNAs, with the exception of a few species such as in the yolk of Lymnaea stagnalis (von Darl et al., 1994) .
Some conserved residues were also found in SpFer. The amino acid residues responsible for the oxidation and incorporation of iron in the hydrous iron (III) oxide mineral core were completely conserved in this sequence at positions E 24, Y 31 E 58, E 59, E 61, H 62, E 104, Q 138, and H 115, L 111, L 135, R 73, D 123 . Nearly all these residues are conserved in the ferritin H subunit (Durand et al., 2004) . Cysteine is an important amino acid in the protein sequence of ferritin, as it plays a significant role in the oxidation of ferritin. In addition, the cysteine is the elite part for the formation of the ferritin aggregates (De Zoysa and Lee, 2007) . In the H subunit of human ferritin, there are three cysteines at positions 90, 102, and 130. However, in this study, there were only two cysteine residues at positions 13 and 86 in SpFer. In Haliotis discus, ferritin L or M subunit only contained one cysteine at position 13, while ferritin H subunit contained three cysteines at positions 12, 128, 165 (De Zoysa et al., 2007) . As previously reported, although ferritin displays some common features in both its sequence and structure, some deviations do exist (Harrison and Arosio, 1996) .
SpFer was detected in nearly all tissues and developmental stages. The wide distribution of SpFer in different tissues and various stages may be the result of several factors. On one hand, ferritin is an acute protein and sufficient level can partially protect organisms from injuries (Beck et al., 2002) . On the other hand, some r between residues are indicated as follows: non-similar residues, black letters on a white background; conserved residues, black letters on a dark gray background; block of similarity, black letters on a light grey background; identical residues, white letters on a black background; and weakly similar residues, dark grey letters on a white background. The alignments were performed with the program Vector NTI Suite 11.0. results suggest that ferritin protects against oxygen free radical-mediated damage (Orino et al., 2001) . Ferritin might also interact with the immune reaction, as previous research has reported that ferritin might function as a signaling molecule and immune regulator (Recalcati et al., 2008) . However, there were conspicuous differences in the expression levels among different tissues and stages. As previously indicated, in mammalians the H subunit is abundant in the heart and brain (Harrison and Arosio, 1996; Rucker et al., 1996) . In invertebrates, H ferritins in Crassostrea gigas (Durand et al., 2004) and Macrobrachium rosenbergii (De Man, 1879) (see Zheng, 2007) were highly expressed in the heart and hepatopancreas. This expression profile was confirmed in our research, as relatively high expression levels of SpFer were observed in the heart and hepatopancreas, confirming that the hepatopancreas plays an important role in iron metabolism and storage (Graham et al., 2007) . The abundance of ferritin gene expression in the heart may be in accordance with the hypothesis that H ferritin tends to accumulate in tissues that are involved in biological processes requiring rapid oxygen and iron turnover (Zheng et al., 2010) . However, it was found that the expression levels of SpFer were also relatively high in muscle and ovarian tissues, this result was not consistent among various species. In Acipenser sinensis, the expression level of ferritin in muscle was very low (Lawson et al., 1989; Chen et al., 2009) , while in Scophthalmus maximus, the highest expression level of ferritin was observed in muscle (Zheng et al., 2010) . These differences suggest that the expression levels of ferritin in muscle are dissimilar among different species. Moreover, the different expression levels of SpFer probably were due to that there are other ferritin isoforms exist in these tissues, but further investigation is needed for confirmation. In terms of the different expression levels of SpFer in gonads, ferritin in M. rosenbergii was expressed in the ovary and testis, but after the injection of iron, a high expression of ferritin was observed in the ovary, displaying nearly a 4-fold increase after 3 hours and continued elevated expression for 48 hours, while no significant difference was found in the testis (Qiu et al., 2008) . This result indicates that, in the ovary, the capability of ferritin to act in a regulatory manner is greater than in the testis, but this finding needs to be confirmed with additional research.
In the developmental stages, the expression level of SpFer was very high, in accordance with previous studies. In Meretrix meretrix, ferritin mRNA was expressed in different developmental stages ranging from trochophore to post-larval stages (Wang et al., 2009 ). In our experiment, the SpFer expression was highest in the zoeal I stage, perhaps due to the increased activity of the crab in this stage to stimulate processes essential for development and growth including DNA replication and electron transport. It is reported that ferritin is also an antioxidant protein and that it is involved in activities such as DNA replication, cell proliferation, and shell formation (Zhang et al., 2003) . Moreover, ferritin has some relationship with the immune system (Li et al., 2008) . Therefore, we speculated that the expression level of ferritin should be highest in the Z1 stage.
In conclusion, the results of this study demonstrate that SpFer possesses sequence features of the H subunit and exhibits similar spatial and temporal expression patterns as this subunit. In order to thoroughly understand the regulation of ferritin in the immune system, further investigations should focus on the mechanisms of ferritin regulation and control. Our study may thus provide a foundation for future work. 
